The aim of this work was the production and characterization of composite Ni matrix electrodeposits. Pure Ni, micro-and nano-SiC Ni matrix composite deposits have been produced from a Watts's-type electroplating bath under both direct (DC) and pulse current (PC) conditions. The obtained deposits have been characterized regarding their microstructure by scanning electron microscopy (SEM) observations on both top surface and cross-section and their SiC content by energy-dispersive X-ray spectrometry (EDXS) and glow discharge optical emission spectrometry (GDOES) analyses. The resistance to localized corrosion has been evaluated by exposing the samples in a salt spray cabinet and performing visual observation as well as electrochemical impedance spectroscopy (EIS) measurements every five days. Both the use of PC and the codeposition of the nanoparticles lead to a grain refinement of the Ni matrix. The use of the PC did not influence in a significant way the resistance of the pure Ni deposits to the localized corrosion. The incorporation of micro-SiC led to a decrease of the corrosion resistance for the deposits produced under DC, while the microcomposites produced under PC presented a corrosion resistance comparable to the pure Ni deposits. The nanocomposites presented the highest corrosion resistance due to the more compact and fine-grained microstructure. EIS revealed the presence of a localized corrosion attack earlier than the visual observation, giving useful information about the failure mechanism.
INTRODUCTION
The electro-codeposition of ceramic particles for the production of metal matrix composite coatings is a research domain of wide interest as these coatings can be used for a wide range of industrial applications especially in cases where both high wear and high protective properties are required. deposits under both DC and PC conditions at different frequencies on a low-carbon steel substrate as well as their characterization regarding the microstructure and the resistance to localized corrosion.
EXPERIMENTAL
Three different groups of samples have been prepared and tested. Samples coated with: pure Ni, Ni + μSiC, and Ni + nSiC deposits. The electroplating bath used for the deposition of Ni matrix coatings was a Watts-type bath, slightly modified, having the following composition: 240 g/l NiSO 4 ; 45 g/l NiCl 2 ; 30 g/l H 3 BO 4 ; 1.5 g/l CH 3 (CH) 11 OSO 3 Na. The necessary amount of Ni ions is given by the NiSO 4 , while the NiCl 2 prevents the passivation of the Ni anode. The H 3 BO 3 is a buffer and maintains the stability of the pH value between 4.5 and 5.6. The CH 3 (CH) 11 OSO 3 Na is a surfactant and is added to the bath to prevent the deposit damage from the H 2 evolution. The bath temperature was maintained at 45 °C using a thermostat.
For the production of the composite coatings, 20 g/l of micro-or nanopowders was added to the electroplating bath, dispersed using ultrasound (200 W, 24 kHz) for 30 min and then maintained in suspension under continuous mechanical stirring (200 rpm) during the electrodeposition.
The used microparticles have a mean dimension of 2 μm and a very irregular and sharp shape ( Localized corrosion of Ni matrix composite deposits 297 Q panels of carbon steel (SAE 1008/1010; 0.13 max C, 0.25-0.60 Mn) have been used as substrates for the production of both pure and composite coatings, since steel is much less noble than Ni and its corrosion products are clearly visible (red rust), providing an ideal substrate to evaluate and compare the protective properties of the different coatings. Prior to the electrodeposition, the steel panels were degreased using acetone and ultrasound and pickled using a 10 wt % HCl solution. Pure Ni was used as an anode.
The galvanostatic deposition was carried out under both DC at 2 A/dm 2 and PC conditions in order to produce a further grain refinement [13] . The PC used had a square wave form, a duty cycle of 50 % and frequencies of 0.01, 0.1, 1, 10 Hz. The minimum current density was 0 while the maximum current density was maintained at 2 A/dm 2 in order to obtain a better comparison of these specimens with those produced under DC. The coating thickness was about 20 μm.
The deposit characterization includes the microstructure, the SiC content, and their resistance to localized corrosion.
The microstructure of the deposits was examined by low-vacuum scanning electron microscopy (ESEM-Philips XL30 TMP with microanalysis probe EDS EDAX FALCON). The specimens were observed at the surface and at the cross-section after metallographic etching (50 % acetic acid, 50 % nitric acid).
The transmission electron microscopy (TEM) observations were obtained using a Philips CM12 TMP with microanalysis probe EDS EDAX FALCON. The nanopowder was dispersed in ethyl alcohol using ultrasound for 10 min. A droplet of this suspension was put on a sample holder made by an amorphous carbon film and dried before the TEM observation.
For the evaluation of the SiC content, energy-dispersive X-ray spectrometry (EDXS) was used for the microcomposite deposits and glow discharge optical emission spectrometry (GDOES) for the nanocomposite ones. The GDOES analyses were carried out using a JY RF-GD PROFILER HR instrument, manufactured by Horiba Jobin-Yvon, Longjumeau, France. The instrument is equipped with a standard 4-mm-diameter anode, a polychromathor with 28 acquiring channels and Quantum XP software. The source conditions were Ar pressure of 650 Pa and 35 W applied power. These conditions are necessary to obtain a flat crater in order to increase the depth resolution. All results shown were obtained with the same source conditions and with the same calibration method. The calibration was performed with 21 samples selected among SUS and certified reference materials (CRMs). The results are presented as an average value of five measurements on two different specimens. The resistance to pitting corrosion was examined for all types of deposits by exposure to the salt spray cabinet, and the damage was evaluated both by visual observation and by electrochemical impedance spectroscopy (EIS) measurements. Ten specimens of each type (pure Ni, microcomposite Ni, and nanocomposite Ni produced either under DC or PC at the frequencies of 0.01, 0.1, 1, and 10 Hz) were exposed to the salt spray cabinet according to the ASTM B117 standard. The specimens were examined every 5 days in order to evaluate the presence and extent of the corrosion attack. The examination was performed by visual observation, and at the same time EIS measurements were performed on at least three representative samples of each type. A neutral 0.5 M Na 2 SO 4 solution was used as electrolyte for the EIS measurements in order to evaluate the damage caused by the exposure to the salt spray and avoid further corrosion of the tested specimens. A three-electrode system was used over a frequency range from 10 mHz to 100 kHz and an applied AC potential of ±10 mV vs. OCP. For the EIS measurement, a PAR 273 potentiostat and a Solartron 1255 FRA were used.
RESULTS AND DISCUSSION

Microstructure
Representative SEM micrographs of the samples' top surface produced under DC and PC at 0.01 and 1 Hz are reported in Fig. 3 . Localized corrosion of Ni matrix composite deposits 299 As can be observed in these micrographs, the pure Ni deposits produced under DC conditions present pyramidal-form grains and, consequently, an irregular surface. The application of the PC during the deposition leads to the formation of smaller grains and deposits with smoother surface. The grain refinement increases by increasing the PC frequency.
The microcomposite deposits present a very rough surface due to the large amount of partially embedded SiC particles. The Ni grains are smaller than the SiC particles and consequently tend to form globular aggregates which surround the particles.
The codeposition of SiC nanoparticles leads to a substantial grain refinement much more evident comparing the deposits produced under DC. A further slight decrease of the grain dimensions is observed when the deposition was carried out under PC. On the top surface, these slight differences are not clearly observable, and thus a cross-section observation was considered necessary.
In the case of the microcomposite deposits, the metallographic etchant preferentially attacks the interface between the microparticles and the matrix, leading to their detachment and thus not allowing the microstructure observation. An example is reported in Fig. 4 .
For this reason, the comparison of the microstructure in cross-section has been performed between the pure and the nanocomposite deposits. The etched cross-section micrographs of both pure and nanocomposite deposits produced under both DC and PC at different frequencies are reported in Fig. 5 .
As can be observed from Fig. 5a , the pure Ni deposit produced under DC presents large columnar grains growing perpendicular to the substrate and parallel to the electrical applied field. The column length is high and in some cases reaches the whole deposit thickness. The use of the PC leads to the formation of shorter and narrower columnar grains. The grain refinement increases by increasing the frequency until 1 Hz, while a further increase in the current frequency leads to the formation of larger grains. This could be attributed to the plating bath inertia, which does not allow the nullification of the applied current under such a high frequency. These differences were not observable on the surface of the deposits. The incorporation of the SiC nanoparticles caused a significant grain refinement even under DC plating (Fig. 5f) as the particles interrupted the columnar growth of the Ni grains. The synergism of the SiC particle codeposition and the use of PC led to a further grain refinement, much more evident for the frequencies of 0.1 and 1 Hz (Figs. 5i,j) . The coatings produced under PC at 10 Hz presented an increase of the grain size, which is still smaller than that of the pure Ni ones.
SiC content
The SiC content was evaluated by EDXS for the microcomposite deposits and by GDOES for the nanocomposite ones.
The mean values reported in Table 1 for microcomposite coatings are qualitative since the EDXS analysis is limited on the surface of the specimens and thus the measured values do not correspond to the real amount of codeposited SiC. A further analysis at cross-section in this case is of no use as the major part of the particles is detached during polishing. The microcomposite deposits produced under PC present a higher SiC content in comparison to those produced under DC. The only exceptions are the deposits produced under PC at the frequency of 10 Hz. Among the deposits produced under PC, an increase of the Si amount codeposited into the Ni matrix is observed up to the frequency of 0.1 Hz. The lower amount of codeposited particles at the high frequencies could be attributed to the dimension restriction of the diffusion layer formed on the cathode surface. Particles larger than the width of the diffusion layer do not pass through it and thus do not reach the cathode. At high frequencies, the diffusion layer becomes narrower and thus the amount of particles that reach the cathode is lower.
For the nanocomposite deposits, the EDXS analysis only confirms the presence of SiC on the surface of the specimens. The measured values were very low in all cases, close to the detection limit of the method. For this reason, GDOES measurements were performed. Two characteristic graphs of the profile analyses are reported in Fig. 6 .
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As can be observed, the curves corresponding to the Si and C amount follow a similar trend and the SiC is homogeneously distributed along the whole thickness of the deposits. The higher amount of SiC on the surface of the deposit and at the interface substrate-deposit could be attributed to a physical absorption of the SiC particles both on the top surface of the deposit and on the surface of the substrate immediately after the immersion into the plating bath. The Si content values on the nanocomposite deposits calculated as a mean value of five measurements on two different samples of each type are presented in Table 2 . The Si amount into the nanocomposite deposits is very low but enough to induce microstructure changes in the Ni matrix as mentioned above. A slight increase in the Si content is observed when the deposition was carried out under PC, but almost no difference is noticed for the samples produced using different frequencies.
In the case of microcomposite deposits, this kind of analysis does not give reliable results. GDOES analysis showed no presence of Si, which was actually detected by EDXS. So we consider that during sputtering the SiC microparticles were not atomized, maybe due to the different sputtering rate between the Ni matrix and the relatively big ceramic SiC particles. In the case of nanocomposite deposits, the method is much more reliable as repetitive results were obtained for all the deposits produced under different current conditions. Localized corrosion of Ni matrix composite deposits 303 
Corrosion resistance
As mentioned before, 10 specimens of each type have been exposed to the salt spray cabinet and examined every five days. The examination consisted of visual observations on all specimens for the presence of localized corrosion attacks and of EIS measurements. All specimens presented one or more eye-visible localized corrosion attacks after a certain time of exposure to the salt spray cabinet. The time for the first localized corrosion attack appearance was considered the most important parameter for the corrosion resistance evaluation of these specimens. The visual observation results are presented in Fig. 7 .
The standard deviations are high for all types of specimens, and thus a correlation between the frequency of the deposition current and the corrosion resistance is difficult. The only clear trend is that pure and microcomposite Ni deposits present similar corrosion resistance and are much lower in comparison to the nanocomposite deposits.
All deposits are fine structured so the presence of micropits, not eye-visible, is highly probable. Two different equivalent circuits were used to fit the experimental results, using the ZSimp Win program, one for the plots having one relaxation time and the other for the plots with two relaxation times (Fig. 9 ).
The equivalent circuit used to fit the plots of intact specimens contains the electrolyte resistance (R s ), the coating resistance (R f ), and a constant phase element (CPE f ) corresponding to the coating capacitance. The whole system is much more complex as the charge-transfer resistance on the deposit surface and the Ni oxide resistance as well as both the double-layer capacitance on the top surface and the Ni oxide film capacitance have to be considered. Some attempts have been made in order to correlate these physical properties to different equivalent circuit's elements but without significant results. As it was difficult to distinguish the Ni deposit from its oxide layers, due to the relatively low impedance values, both of them have been considered as one single layer represented by the coating resistance and the coating capacitance.
The equivalent circuit used for the corroded specimens contains also a double-layer capacitance (C dl ) and a charge-transfer resistance (R ct ) corresponding to the interface substrate-electrolyte penetrating through the pores or defects of the deposit. From all the above-mentioned electrical elements, the most significant for a metallic deposit is the coating resistance and thus this will be used to monitor the corrosion resistance of the deposits (Fig. 10) . Each specimen was considered corroded when a sharp decrease at the coating resistance was noticed. This decrease corresponded also to the appearance Localized corrosion of Ni matrix composite deposits 305 of the second relaxation time and thus to the electrolyte inlet through the pores or defects reaching the substrate.
The initial resistance values are slightly different for each specimen as they depend on both the homogeneity and thickness of the protective oxide film on the Ni surface and on the deposit's roughness. After the first five days of exposure, in some cases, a slight increase of the deposit resistance can be noticed which corresponds to the formation of a more stable Ni oxide film on the surface of the specimens. In all cases, it is easy to notice the first sharp decrease of the deposit resistance, which corresponds to the deposit damage. The time necessary for the coating resistance sharp decrease was considered the time, according to EIS, for the first localized corrosion attack appearance even if this was not yet eye-visible.
The EIS results are considered much more reliable to detect the necessary time for the first pit appearance in comparison to the visual observation for all coatings. Figure 11 
Fig. 11
Time for the first localized corrosion attack appearance according to EIS during the exposure to the salt spray.
From Fig. 11 , it is deduced that the nanocomposite deposits present the highest resistance to pitting corrosion, while microcomposite deposits present corrosion resistance close to if not lower than that of the pure Ni deposits. The low resistance of the microcomposite coatings is due to gaps that may be formed among the SiC particles and the Ni matrix, especially under DC deposition.
Regarding the pure Ni deposit, the use of PC for the deposition does not modify in a significant way the corrosion resistance. The use of PC for the production of the microcomposite deposits leads instead to an increase of the corrosion resistance. The deposits produced under DC present gaps between the microparticles and the Ni matrix which constitute a preferential attack point for the chloride ions. The deposition under PC at different frequencies leads to a decrease of the gap size and number as the smaller Ni grains are able to better embed the particles. As a consequence, the resistance to pitting corrosion increases. The use of PC influences also the nanocomposite deposit resistance. The deposits produced under PC at frequencies from 0.1 Hz up to 10 Hz present the finest microstructure. These are more compact and thus have a higher resistance to the pitting corrosion.
Comparing graphs in the Figs. 7 and 11, it is evident that the EIS measurements revealed the presence of the first localized corrosion attack at the same time or five days earlier than the visual observations for the pure and microcomposite Ni deposits. In the case of the nanocomposite deposits, the EIS revealed the presence of localized corrosion attack much earlier (15-20 days) than the visual observations. This delay is attributed to the three types of coating microstructures. The pure Ni coatings columnar grain growth as well as the gaps among the microparticles and the Ni matrix allow the chloride ions to attack at these weakest points and hence to reach the substrate. The same path is used by the steel substrate corrosion products to reach the specimen surface, making the corrosion attack visible. In the case of the nanocomposite coatings, which present finer and not field-oriented grains, the electrolyte reaches the substrate through a more tortuous pathway. Additionally, the more compact microstructure does not allow the increase of the micropit dimensions and the corrosion products to easily reach the top surface.
CONCLUSION
The pure Ni deposits produced under DC present pyramidal-form grains on the top surface and a columnar growth in cross-section. The use of the PC causes a grain refinement which is more evident for the frequencies of 0.1 and 1 Hz. This grain refinement does not seem to influence the resistance to localized corrosion according to the EIS results after the exposure to the salt spray cabinet.
The microstructure observation of the microcomposite deposits is hindered by the presence of a high number of SiC particles. The Ni grains tend to form globular aggregates surrounding the particles, and the incorporation leads to the formation of gaps between the metal matrix and ceramic phase, thus penalizing the protective properties of these deposits. The microcomposite deposits produced under DC present the lowest resistance to localized corrosion. The use of the PC increases the corrosion resistance, by decreasing both size and number of these gaps, up to values comparable to those of the pure Ni deposits.
The incorporation of the SiC nanoparticles caused a significant grain refinement even under DC plating as the particles interrupted the columnar growth of the Ni grains. The SiC nanoparticles are homogeneously distributed along the whole thickness of the deposits. The synergism between the nanoparticle codeposition and the use of PC leads to a further grain refinement, much more evident for the frequencies of 0.1 and 1 Hz. These deposits presented also the highest amount of incorporated particles. The nanocomposite deposits, especially those produced under PC at frequencies from 0.1 Hz up to 10 Hz present the highest resistance to pitting corrosion. The more compact structure becomes a great barrier for the chloride ions to reach the substrate, thus leading to an exposure time up to two months in salt spray cabinet without an eye-visible corrosion attack.
In all cases, the EIS revealed the presence of micropits earlier than the visual observation. During the exposure, all specimens initially form some micropits, which in the case of pure and micro -composite Ni-coated specimens become bigger, after 5-10 days of exposure, and form eye-visible macropits. In the case of the nanocomposite deposits, the EIS revealed the presence of localized corrosion attack much earlier (15-20 days) than the visual observations. This delay is attributed to the compact microstructure of the nanocomposite deposits, which does not allow the increase of the micropit dimensions and the corrosion products to reach the top surface.
The nanocomposite deposits present a much higher resistance to localized corrosion expressed by the time of exposure to the salt spray cabinet without a corrosion attack detected by both visual observation and EIS measurements.
